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EXPERIMENTAL INVESTIGATION OF THE PRESSURE CHARACTERISTICS
OF NONWETTING, CONDENSING FLOW OF MERCURY IN A SODIUM-
POTAS SIUM-COOLED, TAPERED TUBE
by Richard W. Vernon, Roy A. Lottig, and William D. Kenney

Lewis Research Center

SUMMARY

Local mercury static pressures were measured for the nonwetting two-phase flow of
mercury condensing in a NaK-cooled, counterflow, tapered tube heat exchanger. The
relations of the mercury inlet static pressure and overall static-pressure change were
obtained experimentally as functions of condensing length. The inside diameter of the
tapered tube (0.035-in. -thick wall) decreased from 0. 460 inch at the mercury inlet to
0. 20 inch at a location 40 inches downstream from the inlet. The mercury and NaK flow
rates were nominally 155 and 515 pounds per hour, respectively. The range of tube
inlet mercury vapor velocities was 110 to 155 feet per second. The correlation of
Lockhart and Martinelli used with assumed liquid-to-vapor velocity ratios of 0, 0.5,
and 1.0, and the Koestel, et al. fog flow correlation, used with a liquid-to-vapor
velocity ratio of 1.0, were employed to calculate static-pressure profiles, which were
compared with the measured static pressures.

The mercury inlet static pressure varied from 16 to 22 pounds per square inch
absolute and exhibited high sensitivity to changes of condensing length between T and
16 inches and relative low sensitivity to changes in condensing lengths between 16 and
34 inches.

The Lockhart-Martinelli correlation, with assumed liguid-to-vapor velocity ratios
of 0.5 and 1.0, and the fog flow model of Koestel, et al. predicted axial static-pressure
profiles that generally agreed with the measured static pressures in the first 75 percent
of the condensing length. For the last 25 percent of the condensing length, the two-phase
friction coefficients ®_ predicted by both correlations appeared low.

The experimental overall mercury static-pressure difference (from inlet to outlet)
varied from a small pressure rise (about 0.5 psi) for condensing lengths less than
20 inches to a small pressure drop (about 0.5 psi), which occurred at a condensing
length of 34 inches. The predicted pressures, which used the pressure drop correlations
of Lockhart and Martinelli and Koestel, et al. resulted in overall static-pressure changes
which indicated more pressure rise than was found experimentally.



INTRODUCTION

One of the more promising concepts for generating electrical energy in the kilowatt
and megawatt power range for long term space flight missions is the Rankine cycle
nuclear powerplant typified by the SNAP-8 system. A characteristic of Rankine systems
is the phase changes of the working fluid during the heating and heat rejection portions of
the cycle. In the SNAP-8 system, which utilizes mercury as the working fluid, the
mercury vapor is exhausted from the turbine into the condenser where thermal energy is
removed from the mercury by a eutectic mixture of sodium and potassium (NaK) and is
subsequently rejected from the system to space by means of a liquid radiator. The
SNAP-8 condenser is a counter flow heat exchanger with the mercury vapor being con-
densed inside 73 tapered diameter tubes.

Accurate predictions of the condenser inlet and outlet pressures are necessary to
assure compatibility of the condenser component with the design requirements of its
neighboring turbine and pump components. Because the condenser inlet pressure and
turbine outlet pressure are directly related, the turbine performance can be adversely
affected if the condenser inlet pressure becomes greater than the design turbine outlet
pressure. Equally important considerations are the serious cavitation damage and
instability that can occur in the liquid pump if the condenser outlet pressure is not
sufficiently high to provide the required net positive suction pressure at the pump inlet.

Thus, one of the critical problems encountered in the design of the condenser compo-
nent is the definition of the pressure characteristics of the two-phase flow in the conden-
ser. In particular, the pressure level of the working fluid in the condenser is related to
the heat transfer characteristics of the working fluid and condenser coolant and the liguid
inventory in the condenser. The heat transfer characteristics of the liquid metals pro-
posed as working fluids and coolants are not accurately defined. In addition, two-phase
frictional pressure gradients and momentum gradients are needed to determine the outlet
pressure once the condenser inlet pressure is known. Several analytical methods have
been developed for predicting the frictional pressure gradients for the two-phase flow of
working fluids (refs. 1 to 3). However, because of the difficulties of accurately defining
analytical flow models that fully describe a condensing process of continuously varying
quality, significant disagreements exist between predicted and measured axial static-
pressure distributions in a condenser tube (ref. 4). In recognition of these problems, an
experimental investigation was conducted at the Lewis Research Center; the test section
and conditions for this investigation were chosen to approximate the design conditions
that would be encountered by a single typical tube in the SNAP-8 condenser.



The main objective of this report is to present experimental data that were obtained
to define the inlet pressure and pressure drop characteristics for nonwetting mercury
flow in a single, tapered diameter tube cooled by NaK. In addition, the experimental
data were compared to the predicted static-pressure profiles obtained by employing the
correlations proposed by Lockhart-Martinelli and Koestal, et al.

APPARATUS

The mercury and NaK loops are shown schematically in figure 1. Liquid mercury
was stored in the expulsion unit where it was pressurized with argon gas. The liquid
mercury flow rate was determined by measuring the pressure drop across a calibrated
orifice located at the outlet of the expulsion unit. Boiling of the mercury occurred in
three stages. The liquid was first heated to the approximate saturation temperature in
the preheater. This unit consisted of 4 feet of coiled stainless-steel tubing which was
heated electrically. The liquid mercury then entered the high heat flux unit where con-
ditions were imposed to initiate nucleate boiling, resulting in a quality of approximately
25 percent. This unit consisted of 10 feet of stainless-steel tubing fitted into an electri-
cally heated aluminum block. The mixture then entered the main boiler. The boiler unit
consisted of a helical flattened tube that formed the mercury flow passage. Electrical
power was applied directly to the flattened tube which served as a resistance heater. The
mixture was then passed from the tubing into a plenum chamber, which was partially
filled with stainless-steel cuttings to minimize liquid carryover. The vapor superheat
was removed in a NaK-cooled desuperheater where the NaK temperature was maintained
approximately 50 F above the mercury saturation temperature to avoid condensing the
mercury vapor. The mercury vapor then passed through a venturi flowmeter prior to
entering the condensing test section.

The condensing test section was a counterflow, tube-in-shell, heat exchanger. The
tube, through which the condensing mercury flowed, was made of 9 chromium (Cr),

1 molybdenum (Mo) alloy stainless steel with a 0. 035-inch-thick wall. This tube was
uniformly tapered from 0. 46 to 0. 20 inch (nominal inside diameters) over a length of

40 inches. Approximately 12 inches of length having a constant 0. 20-inch inside diameter
was welded to the small end of the tube. The outer tube, which formed the annulus
through which the NaK coolant flowed, was also tapered and was made of 316 stainless
steel with a 0. 035-inch-thick wall. The taper of the ocuter tube was the same as that of
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the inner tube, maintaining a 0. 103-inch annulus between the two tubes.

Liquid mercury from the condenser outlet flowed into a receiver which in turn
drained into a transfer vessel. The transfer vessel, when isolated from the receiver by
a valve, was pressurized to transfer mercury back into the expulsion unit.

The main NaK loop can be traced in figure 1, starting at the electromagnetic pump.
The NaK flow rate was measured by an electromagnetic flowmeter. The NaK then
flowed through the test section counter to the mercury flow and then into the desuper-
heater. An electrical heater between the test section and desuperheater was used to
maintain the NaK temperature into the desuperheater approximately 5° F above the mer-
cury saturation temperature. From the desuperheater the NaK returned to the pump.
An air cooler removing heat from the NaK, provided a coarse temperature control. Fine
temperature control was obtained by electrical heaters.

INSTRUMENTATION

The location and calibration range of the pressure transducers used in this investi-
gation can be found in table I. The location of the temperature and pressure instrumen-
tation on the test section is shown in figure 2. The skin thermocouples on the outer
shell were spot welded to the 316 stainless-steel tube at 1-inch intervals. These thermo-
couples were used to measure local wall temperatures and indicate the mercury interface

TABLE I. - TRANSDUCER CALIBRATION RANGES

Pressure Description Calibration
transducer range,
psi

PT, Pressure drop across orifice 29 to 80
PT, Boiler inlet pressure P9 to 200
PTg Venturi inlet pressure bg to 32
PT, Venturi pressure drop 0 t05
PT8 Heat exchanger NaK outlet pressure b0 to 50
P'I‘9 Heat exchanger NaK inlet pressure bo to 50
PT;; | Reference manifold pressure 49 to 24
PT15 Receiver pressure b0 to 32
PTO Heat exchanger mercury inlet pressure 29 to0 10
PT12 Pressure 12 inches from mercury inlet 29 to 15
1"’1‘2 5 Pressure 25 inches from mercury inlet 20 to +5
PT38 Pressure 38 inches from mercury inlet 20 to +5
PT51 Pressure 51 inches from mercury inlet 29 to 10

Apifferential.

P Absolute.
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Figure 2. - Test section instrumentation. (A, B,C, D, and E are NaK stream thermocouple sections, All dimensions in inches.)

position.

Immersed sheathed thermocouples were used in the measurement of the NaK stream
temperatures. These thermocouples were placed in the middle of the 0. 103-inch annulus
at three circumferential points, 90° apart, at each station, with a total of five stations.
In addition to being sheathed, the thermocouple used for measuring the mercury vapor
temperature in the venturi was provided with a thin stainless-steel strip which acted as
a shield to prevent liquid droplets from impinging upon the sensing element. All temper-
atures were measured by chromel-constantan thermocouples.

Mercury static-pressure taps were located 0. 4 inch upstream of the condenser inlet
and 12, 25, 38, and 51 inches from the condenser inlet. The transducers at the 0.4- and
51-inch stations were used as the condenser inlet and outlet pressures, respectively,
and had a differential pressure range of £+10 pounds per square inch, while those at the
12-, 25-, and 38-inch stations had a differential pressure range of +5 pounds per square
inch. They were all connected to the test section by a short horizontal tube to minimize
liquid head effects. The reference side of the pressure transducers were all connected
to a regulated pressure manifold, providing a measured reference pressure.

PROCEDURE

A calibration procedure similar to that described in reference 5 was used. Prior to
each data run, a complete calibration of the absolute and differential pressure transducers
was carried out. The transducers were calibrated with the short horizontal coupling tube
and transducer cavity filled with liquid mercury. All condenser differential pressure
transducers were calibrated simultaneously by pressurizing the mercury system with

6
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gaseous nitrogen through the venturi. The low pressure sides were all opened to atmos-
pheric pressure, and a selected range of pressures was applied to the system. The
desired oscillograph and readout gage spans were adjusted, and recorded runs were made
over the calibration range so that transducer calibration curves could be plotted. The
absolute pressure transducers were also calibrated simultaneously by applying pressure
to the entire system. The zero reference for these transducers was obtained with the
system pumped down to a vacuum of approximately 1 torr.

With the NaK lines filled, power was applied to the electromagnetic pump to start
circulation. The NaK flow rate was indicated by a digital readout from the electromag-
netic flowmeter. The NaK was heated to approximately 650° F by two heaters. The
mercury loop, meanwhile, was being evacuated to approximately 0.2 torr and the mer-
cury heaters were brought to operating temperatures.

With all temperatures at the desired level, the mercury preheater was turned on and
mercury flow started. Flow rate was controlled by an automatic flow control valve that
was operated by the signal from the transducer measuring the pressure drop across the
calibrated orifice.

Initially the mercury flow rate was set at 0. 03 pound per second, and mercury vapor
was allowed to purge the system for approximately 3 minutes to remove remaining non-

condensables from the lines. The NaK flow rate and inlet temperature were set, and
the mercury receiver pressure was adjusted to locate the interface at the desired position.

During loop operation, the interface location was indicated by the NaK shell temperature
profile, which was displayed on a profile monitor.

On another NaK-cooled test section with a thinner wall, the location of the liquid
vapor interface, as determined by the temperature profile, was checked by using an X-ray
unit. The two methods of determining the interface location agreed to within +1 inch.

METHOD OF ANALYSIS

Static pressures were calculated, employing the two-phase friction correlations of
Lockhart-Martinelli and Koestel, et al. (ref. 1 and 2), and were compared to the meas-
sured static pressures. The predicted mercury static pressures were calculated by
iteration in 1-inch increments from the condenser tube inlet to the mercury liquid-vapor
interface. The static-pressure change for an increment of two-phase flow, if the effects
of liquid droplet drag are neglected, is

AP = APppp + AP (B1)



(A list of symbols is given in appendix A.) To calculate the static-pressure changes,
saturation conditions were assumed and the physical properties of the liquid and vapor,
obtained from reference 6, were assumed constant for the increment being considered.
For the first increment the physical properties were obtained as a function of the meas-
ured inlet static pressure. The two-phase frictional pressure change and the pressure
change due to momentum change were then calculated for the first increment. The net
pressure change was then subtracted from the inlet pressure to obtain the pressure at
the beginning of the next increment. The iterative calculations were continued until the
static pressure at the liquid-vapor interface was determined.

Two correlations were chosen to calculate the two-phase frictional pressure changes.
One of the correlations chosen, proposed by Lockhart and Martinelli, is based upon data
obtained for isothermal two-phase, two-component flow. The other correlation, proposed
by Koestal, et al. is based upon a theoretical fog flow model.

The two-phase frictional pressure changes for both correlations were obtained from

the following general expression:

24P,
APppp = &g — AL (B3)
where
("P TPF)
2 L
Pg = O?P
dL

There is, however, a basic difference between the two correlations in the evaluation of

& . In the Lockhart-Martinelli correlation (ref. 1) the parameter q:g is determined
empirically as a function of y; the parameter y is a function of the quality and the

physical properties and flow regimes of both the liquid and vapor. Inthe theoretical fog

flow model (ref. 2) the parameter ®_ is shown to be a function of the vapor quality and

the Weber number of the mercury. The methods used to determine the values of <I>g for .
both correlations are presented in appendix B.

The pressure change due to momentum change was also required to evaluate the N
predicted static-pressure change. Both the liquid and vapor velocities were needed to
determine the predicted momentum changes. It was possible to calculate the vapor phase
velocity but not the liquid phase velocity. Therefore, for the Lockhart-Martinelli corre-
lation, three liquid-to-vapor velocity ratios were assumed to determine the effect of the
various liquid velocities on the theoretical pressure change. The three velocity ratios
chosen are 1.0, 0.5, and 0.0. Koestel, et al. recommend an assumed velocity ratio of
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1. 0 for the fog flow model.

If it is recalled that there is a basic difference between the Lockhart-Martinelli
correlation and the Koestel, et al. fog flow model in the determination of &_, the general
expression used to evaluate the incremental static-pressure change for the two correla-
tions with an assumed velocity ratio of 1.0 is

dap W, .
2 g g, in
AP_= —=2] A 2 iiq - : B32
Fs ‘I’g<dL> Y (Vg’”l Vg,l) (532)

For the Lockhart-Martinelli correlation with an assumed velocity ratio of 0. 5, the static-
pressure change was obtained from

dp w_ .
2 g g, in
A = —21 A -2 . 1 R - . (1 . B3
Vs ¢g<dL> b 2g A, [Vg’ 1+1( +x1+1> Vgﬂ( ¥ xl)} (B33)

With an assumed velocity ratio of 0.0, the momentum of the liquid is neglected and the
expression for pressure change became

dp W .
2 g g, in
A = | —=1} AL 2 . : - (X B34
1:'s g( dL> + gczt (Vg, i+1%5+1 Vg, 1x1> (B34)

A detailed derivation of the equations is given in appendix B.

RESULTS AND DISCUSSION

The experimental data are tabulated in table II. The mercury flow and quality deter-
mination at the condenser inlet together with sets of typical condenser pressure traces
are discussed briefly in appendix C.

Mercury Inlet Static-Pressure Characteristics

The mercury inlet static pressures obtained for nominal mercury and NaK flow rates
of 155 and 515 pounds per hour, respectively, and a nominal NaK inlet temperature of
500° F are plotted as a function of condensing length in figure 3. The results indicate
that the mercury inlet pressure became less sensitive to changes of the condensing length

9



TABLE II. - EXPERIMENTAL DATA

Run Inlet NaK | Con- NaK NaK
identifi- | mercury | flow |densing| inlet outlet
cation |flow rate, | rate, | length, |temper-| temper-
number W, Wi 2 ¢’ ature, ature,
lbfhr 1b/hr in. TN, in’ TN, out?
op op
1 152 517 7 496 679
2 147 515 8 497 680
3 148 516 8 496 680
4 160 514 8 497 681
5 150 516 9 500 686
6 161 514 9 496 686
7 149 516 10 497 687
8 149 517 10 497 682
9 161 515 10 496 682
10 153 515 10 495 685
11 156 514 11 504 686
12 154 516 11 497 687
13 149 515 11 498 683
14 161 514 12 497 682
15 154 517 13 498 686
16 160 516 13 497 684
17 159 516 14 502 683
18 155 515 14 496 688
19 155 515 14 502 687
20 149 515 15 497 682
21 156 515 15 497 683
22 160 516 15 496 684
23 157 515 15 497 684
24 153 515 18 498 684
25 152 517 19 497 687
26 152 517 20 498 683
27 161 516 20 503 682
28 162 513 20 503 687
29 158 515 20 502 684
30 153 515 21 497 686
31 158 513 23 503 685
32 153 517 24 499 684
33 161 515 24 502 685
34 158 513 24 502 685
35 150 517 25 499 686
36 163 516 27 496 686
37 163 515 27 498 685
38 159 515 28 500 683
39 158 515 29 500 682
40 161 515 29 497 686
41 159 513 29 500 684
42 152 518 30 495 686
43 159 516 32 500 685
44 158 515 34 498 685

Mercury | Mercury
tube inlet inlet
temper- static
ature, |[pressure,
Tg, in’ l:.s,.in’
op psia
712 21.52
702 19, 57
700 19.24
706 20.73
706 20. 46
702 19.55
698 18.93
696 18.29
696 18,45
696 18.92
698 18.73
696 18,34
691 17.34
689 17.30
692 17.84
691 17.77
688 17.16
690 17.76
690 17.70
690 17.24
687 17,00
687 16.90
688 17.48
687 16. 97
689 17,08
686 16. 59
684 16,63
688 17.38
687 16,91
688 17.00
686 16. 82
687 16,71
686 16,70
687 17.11
687 16.99
688 17.09
686 16.64
683 15.67
682 16.12
686 17.08
686 16, 86
686 16, 56
686 17.13
686 16.92

10

Mercury
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pressure
12 inches
from

inlet,

Ps, 12’
psia

22,
20.
20.
21.
21,

19.
19.
19.
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19.

19.
19,
18.
17.
18,

17,
17.
18.
11.
17,

16,
16,
17.
16.
16,

15.
15.
16,
15.
16.

15,
15,
15.
16.
16.

15,
15,
15,
14,
15,

15,
15,
15,
15,

28
31
02
00
31

86
70
10
78
28

60
20
70
60
60

98
23
10
92
69

79
80
33
83
66

99
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46
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40

T2
94
52
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25
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Mercury
static
pressure
25 inches
from
inlet,
Ps, 25
psia
22,42
20. 47
20.11
21.03
21,61

19.92
19, 82
19.12
18. 80
19.22

19.88
19,37
18,30
17.68
18.74

18,17
17.62
18,11
18.19
18,30

17.42
17.40
17,80
18,17
18,10

17.59
16.90
17.63
16.99
18.04

16,76
17.12
16,49
16.95
17.30

16.12
16,11
14.28
14,02
14,74

14,44
14,20
13.43
12,81

Mercury
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pressure

38 inches
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inlet,

Ps, 38
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19.
19.
20.
20.
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18.
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19.
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17,
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17.
17.
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17,
17,
16.
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17.
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16.
16.
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17.
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7. as the condensing length was increased. The
mercury inlet pressure decreased sharply from
o 21. 5 to approximately 17. 0 pounds per square
& : inch absolute as the condensing length was in-
creased from T to 16 inches. As the condensing
length was further increased from 16 to 34 inches,
the inlet pressure decreased at a much lower
rate (from ~17 to ~16.5 psia).
9 The trend of the mercury inlet static-pressure

o data can be explained by considering the heat

o < ons . .

@ transfer characteristics of the condensing portion
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Figure 3. - Variation of mercury inlet static pressure.
Nominal mercury flow rate, 155 pounds per hour; _ h
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T

(TN, out ~ T, int)

(1)

N

and

Q= UA,(LMTD) @)

where

g - Y- (T, . -T >
LMTD = (Tg, int TN, mt)ﬁ ( g, in N, out 3)
Tg int = TN, int
-T

In

Tg, in N, out

The mercury flow rate and inlet quality were maintained approximately constant for
various condensing lengths resulting in a constant heat load Q. The overall unit conduct-
ance U and the mercury vapor temperature can be assumed constant along the tube to
simplify the discussion (ref. 7). The heat transfer area, therefore, varied inversely
with the IMTD, as shown by equation (2); in other words, as condensing length was in-
creased, the log mean temperature difference between the mercury and the NaK had to
decrease. )

By employing the assumption that the mercury vapor saturation temperature does not
vary along the tube, the LMTD can be rearranged to

11
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LMTD = : , (4)

In |1+

Tg, in ~ TN, out

Because the heat load and NaK flow rate were held constant, within experimental limits,
the NaK temperature rise across the condensing portion of the tube remained about con-
stant at 175C F. The LMTD then becomes a function of the temperature difference
T - TN, out 25 shown by equation (4). The relation between the LMTD and
Tg7 in " TN, out’ presented in figure 4 for ATN = 175° F, shows that the temperature
difference T in ~ TN, out becomes less sensitive to changes of the LMTD as the
LMTD decreases. Therefore, it would be expected that the temperature difference
Tg, in " TN, out becomes less sensitive to condensing length as the condensing length,
hence heat transfer area, is increased. '

The experimental temperature difference between the mercury inlet and NaK outlet
is shown as a function of condensing length in figure 5. As the condensing length was
increased from 7 to 16 inches, the temperature difference was reduced from 33°to 3° F.
A further increase of condensing length, beyond 16 inches, reduced the temperature
difference below 3° F, resulting in the required variation of LMTD as the condensing
length was increased from 16 to 34 inches. Because the LMTD was small for the longer
condensing lengths, the LMTD was highly sensitive to small changes of Tg, in " TN, out’

1t should be noted from figures 3 and 5 that the trend of the temperature difference
data is similar to the trend of the mercury inlet static-pressure data and can be explained
by the fact that during the experimental tests the mercury vapor flow rate, the NaK flow
rate, and the NaK inlet temperature were held constant, within experimental limits, for

g, in
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0 the various condensing lengths, Since the total
I heat rejected was constant, the NaK outlet

o temperature remained approximately constant
and the change of Tg, in " TN, out? required
as the condensing length was varied, resulted
from a change of mercury inlet temperature.
The mercury inlet temperature consistently
agreed with the saturation temperature for the
respective inlet pressure indicating no super-
heat existed. Therefore, as the condensing
length was increased, the mercury inlet sat-

W
~n

N

&
Ll T
A4 O

—_
=3

Tg, in 'TN, out °F

o0
055

Mercury inlet temperature minus NaK outlet temperature,

Bq, uration temperature was reduced with a cor-
responding reduction of inlet static pressure.
8d~ o) o :
0 \Qogo‘(xnﬁm—o-o- The spread of mercury inlet pressure
4 12 2 L 36  data resulted from minor variations of NaK

Condensing length, £, in.

. . outlet temperature, caused by small variations
Figure 5. - Mercury inlet temperature minus NakK

outlet temperature as function of condensing of mercury flow rate and/or NaK outlet tem-
length, Nominal mercury flow rate, 155 pounds . .
per hour; nominal NaK flow rate, 515 pounds perature, which in turn affected the mercury

per hour; nominal Nak inlet temperature,

298° F inlet temperature and pressure. The fact

that the minor variation of NaK outlet temper-
ature did cause some scatter of inlet pressure data emphasizes an important considera-
tion; the mercury inlet saturation temperature and pressure were related directly to the
NaK outlet temperature.

Predicted Local Static Pressures

In addition to examining the inlet static-pressure characteristics, local static-
pressure variations along the condenser were calculated and compared to the measured
pressures. This study included (1) examination of the effects of the different assumed
liquid-to-vapor velocity ratios and the predicted two-phase friction pressure losses on
the calculated static-pressure distribution and (2) a comparison of the local static-
pressure measurements with the predicted static-pressure profiles. Six representative
data runs were chosen for comparison with the predicted pressure profile results as a
function of condensing length. A brief discussion of the NaK temperature profile begins
the discussion.

The NaK temperature profiles for three of the six representative runs (condensing
lengths of 10, 20, and 34 in.) are shown in figure 6. By using the NaK shell temperatures
as a guide, curves were drawn through the averages of the local NaK stream temperatures

13
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Distance from mercury inlet, £, in.

The vapor quality profiles for
the three condensing lengths are
shown in figure 7. Since the slope of the NaK stream temperature profile is indicative of
the rate at which the thermal energy was removed from the mercury vapor, the shape of
the quality distribution was the same as the temperature profile.

The predicted local vapor velocities were obtained from the local qualities (from the
profiles shown in fig. T) in conjunction with the respective local gas flow area, the meas-
ured total mercury flow rate, and the specific volume of the vapor at the predicted local

Figure 6, - NaK temperature profiles.

saturation pressure.
Momentum and two-phase friction. - The predicted axial vapor velocity profiles, the

predicted pressure changes due to momentum changes, and the predicted two-phase fric-
tional pressure losses are presented in figures 8, 9, and 10 for condensing lengths of 10,
20, and 34 inches, respectively.

The predicted vapor velocity profiles are shown in figures 8(a), 9(a), and 10(a). For
the 10-inch condensing length, the decrease of quality was greater, on a percentage basis,
than the decrease of the flow area for the tapered tube. Therefore, the predicted vapor
velocity decreased for the entire vapor length,

In the initial portions of the vapor lengths for the 20- and 34-inch condensing lengths
the vapor velocities increased; initially, the quality decrease for the increments was
less, on a percentage basis, than the decrease of flow area. This situation was reversed
in the last half of the condensing length, and the predicted vapor velocities then decreased.

14
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The four methods of calculation produced significantly different velocity profiles for
the longer condensing lengths. It is important to recall that the vapor specific volume
for any increment was obtained from the pressure predicted at the beginning of the incre-
ment, except the first one, where the measured inlet static pressure was used. For the
shorter condensing lengths (less than 20 in. ), the differences between the static pressures
predicted by the four methods were relatively small. However, the predicted static pres-
sures for the longer condenser lengths were significantly different; thus, the four methods
used significantly different vapor specific volumes. The different vapor specific vol-
umes, then, caused the differences in predicted vapor velocity profiles for the longer
condensing lengths.

There was no significant difference in the predicted vapor velocity profiles for the
10-inch condensing length. The vapor velocity shown for the 20-inch condensing length
(fig. 9(a)) was determined by the Lockhart-Martinelli correlation with V, = 0.0; the
other three profiles deviated less than 3 percent from the one presented. All four velocity
profiles are presented for the 34-inch condensing length (fig. 10(a)).

The predicted pressure changes due to momentum changes are presented in fig-
ures 8(b), 9(b), and 10(b). The effect of the liquid-to-vapor velocity ratio can be ascer-
tained by comparing the three profiles obtained from the Lockhart-Martinelli correlation
which was used with the three velocity ratios of 0.0, 0.5, and 1.0. Consider first the
initial portions of the vapor lengths for the 20- and 34-inch condensing lengths where the
vapor velocity increased. When the liquid velocity was neglected (Vl/Vg = 0), it was
assumed that no energy was necessary to accelerate the liquid in the vapor stream or on
the tube wall. As the liquid-to-vapor velocity ratio was increased, more energy was
assumed necessary to accelerate both the liquid in the vapor stream and the liquid on
the wall to an assumed velocity. Consequently, the static-pressure decrease resulting
from momentum changes was largest when the liquid-to-vapor velocity ratio was 1.0.
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Consider next, the effect of velocity ratio in the portions of the vapor length where
the vapor velocity decreased. This included the entire vapor length for the 10-inch
condensing length. When the liquid velocity was neglected, the predicted pressure in-
crease resulted solely from the velocity decrease of the vapor phase. As the assumed
liquid-to-vapor velocity matio was increased, the vapor momentum changes predicted by
the three methods remained about constant because the different velocity profiles did not
significantly affect the momentum changes; however, the predicted momentum change of
the liquid then contributed significantly to the pressure rise. Therefore, in the portions
of the vapor length where the vapor velocity decreased, the predicted pressure recovery
was largest when the liquid velocity was assumed to be equal to the vapor velocity.

After examining the effects of momentum changes on the predicted static pressures,
the two-phase frictional pressure losses will be defined for various flow conditions. The
predicted two-phase frictional pressure losses are presented in figures 8(c), 9(c), and

10(c). To determine the differences between the two methods used to evaluate the param-
eter @& , the effect of velocity ratio should be eliminated. The velocity ratio effect can

be eliminated by comparing the two-phase frictional losses predicted by the Lockhart-
Martinelli correlation used with a liquid-to-vapor velocity ratio of 1. 0, to losses pre-
dicted by the fog flow model (where VQ /Vg = 1.0, also). The Lockhart-Martinelli cor-
relation, with V!Z =V _, predicted a larger value for the two-phase friction parameter

& than the fog flow model for all increments except the last one or two. As a result,
the two-phase frictional pressure losses predicted by the Lockhart-Martinelli correlation
used with a velocity ratio of 1. 0, were larger than the losses predicted by the fog flow
model for all increments but the last one or two.

Comparison of data and local predicted pressures. - Typical predicted static-
pressure profiles along with measured static pressures are presented in figure 11 (see
pp. 19-20). The calculated static-pressure profiles include the effects of the predicted
momentum change and two-phase friction for each case. The effects of the different
liguid-to-vapor velocity ratios on static-pressure distribution are clearly seen by com-
paring the three profiles obtained from the Lockhart-Martinelli correlation with each
other. The effects of the different two-phase friction parameter &_ on the static-
pressure distribution are seen by comparing the distributions of the Lockhart-Martinelli
correlation, when the liquid-to-vapor velocity was assumed to be 1. 0, with the results of
the Koestel, et al. fog flow model.

The pressures that were predicted when the liquid-to-vapor velocity ratio was 0. 5
for the Lockhart-Martinelli correlation and 1. 0 for both correlations agreed best with
the pressures measured in the initial 75 percent of the vapor length. However, the
predicted static pressures were higher than the static pressures measured in the last
25 percent of the vapor length. The static pressures predicted in the final portion of
the condensing length could be reduced by either of iwo means; the velocity ratio could
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Figure 11. - Comparison of predicted profiles with data.

be reduced in that portion to reduce pressure recovery, or the two-phase friction param-
eter ®_ could be increased to increase the frictional pressure losses.

Other investigators (refs. 2 and 4) have indicated that an increased liquid-to-vapor
velocity ratio exists in the final portion of the vapor length because of liquid inertia. I
the possibility of a reduced velocity ratio is eliminated, an increased friction parameter
& _ is then indicated in the final portions of the vapor length where the quality is less
than 40 percent for both friction correlations. Other investigators (refs. 5 and 8) have
reported experimental friction factors & _ that were larger than the predicted factors
in the low quality portions of the vapor length.

The best agreement between the pressures calculated at the liquid-vapor interface
and the pressures measured in the condensate was obtained for the Lockhart-Martinelli
correlation with Vﬂ/vg = 0. 0. When the effects of the liquid momentum were neglected,
however, the calculated pressure profiles did not agree well with the pressures measured
in the vapor.
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Overall Pressure Difference

After the predicted local static pressures have been compared with the local meas-
ured pressures, the experimental and predicted overall pressure differences are present-
ed in figure 12. The overall pressure difference was obtained from the experimental data
by subtracting the average of the static pressures measured in the liquid leg from the
measured inlet static pressure. The data show a small pressure rise, about 0.5 pound
per square inch, for condensing lengths of less than 20 inches. The pressure rise de-
creased as condensing length was increased such that a pressure drop of about 0. 5 pound
per square inch occurred at a condensing length of 34 inches.

The effect of the different two-phase friction parameter &_ on the overall pressure
difference is seen by comparing the results of the Lockhart-Martinelli correlation,
obtained with V!Z = Vg, to the results of the Koestel, et al. fog flow model. The net
pressure changes for these two cases where V!Z = V_ was assumed indicated an increase
in pressure rise with an increase in condensing length; the pressure rise due to momen-
tum changes increased faster than the predicted two-phase frictional pressure losses.
The effect of varying the liquid-to-vapor velocity ratio on the overall pressure difference
is seen by comparing the results obtained from the three assumed velocity ratios used
with the Lockhart-Martinelli correlation.

The overall pressure difference obtained from the Lockhart-Martinelli correlation
used with an assumed velocity ratio of 0. 0 agreed best with the pressure difference
obtained from the experimental data. None of the four methods of calculation was con-

sidered satisfactory for predicting both the local pressures and the overall pressure
differences. ’

! l I 1 l 1 1
—--O--—Data

I Fog flow
— V= Vg
N S R R Vg =0.5Vy ¢ Lockhart-Martinelli
) —=-—Vy =0.0 o
3
s
2
% 2 0 @
L o
£ 5 oo ¢© g 8
2" 100 ol T |
e I R = eyt s st
©
&
2
6 10 14 18

Condensing length, £, in.

Figure 12. - Overall pressure difference as function of condensing length. Nominal
mercury flow rate, 155 pounds per hour; nominal NaK flow rate, 515 pounds per hour;
nominal NaK inlet temperature, 498°F.
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SUMMARY OF RESULTS

This investigation was initiated to define such pressure characteristics as the rela-
tion between inlet static pressure and condensing length and the overall pressure change
as a function of condensing length for the nonwetting flow of mercury, condensing in a
NaK-cooled, counterflow, tapered tubé heat exchanger. Four methods of predicting static
pressures for conderising flow, the correlation of Lockhart and Martinelli used with
liquid-to-vapor velocity ratios of 0.0, 0.5, and 1.0, and the fog flow model of Koestel,
et al. used with a liquid-to-vapor velocity ratio of 1. 0, were compared to the measured
static pressures. The results can be summarized as follows:

1. The mercury inlet static pressure exhibited a high sensitivity to changes of con-
densing length for short condensing lengths, less than 16 inches, and became much less
sensitive as the condensing length was increased. The inlet pressure decreased sharply
from 21. 5 to approximately 17 pounds per square inch absolute as the condensing length
was increased from 7 to 16 inches and decreased much more gradually, from 17 to about
16. 5 pounds per square inch absolute, as the condensing length was further increased
from 16 to 34 inches. Because the mercury inlet saturation temperature and pressure

were related directly to the NaK outlet temperature, small variations in NaK outlet
temperature resulted in small variations of mercury inlet temperature and pressure.

2. The experimental pressure difference for the condensing length varied from a
small pressure rise, about 0.5 pound per square inch, which occurred for condensing
lengths of less than 20 inches to a small pressure drop, about 0. 5 pound per square inch,
which occurred at a condensing length of 34 inches. Generally, both the Lockhart-
Martinelli correlation and the fog flow model of Koestel, et al. produced net pressure
changes for the condensing length that indicated more pressure rise than the data showed.
The case using the Lockhart-Martinelli correlation with a liquid-to-vapor velocity ratio
of 0.0 produced net pressure changes that agreed best with the data.

3. The Lockhart-Martinelli correlation resulted in static-pressure profiles that
generally agreed with the static pressures measured in the initial 75 percent of the vapor
length when the assumed liquid-to-vapor velocity ratio was both 0. 5 and 1.0. Generally
the Lockhart-Martinelli correlation produced results that did not agree well with the
local measured static pressures when the momentum effects of the liquid were neglected.
The two-phase friction parameter & g predicted by the Lockhart-Martinelli correlation
appeared to be low in the final 25 percent of the vapor length.

4. The Koestel, et al. fog flow model, wherein the liquid-to-vapor velocity ratio was
assumed to be 1. 0, resulted in pressure profiles that generally agreed with the measured
pressures in the first 75 percent of the condensing length. The two-phase friction param-
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eter &_ predicted by the Koestel, et al. model appeared to be low in the last 25 percent
of the condensing length.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 20, 1966,
701-04-00-02-22.
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APPENDIX A

SYMBOLS
mercury vapor flow area w flow rate
heat transfer area X quality
tube cross-sectional area A finite difference
mean tube cross-sectional area I viscosity
for increment o density
specific heat o surface tension of liquid mercury
tube inside diameter 2, Lockhart-Martinelli parameter
diameter of flow passage formed X two-phase flow molulus
by condensed drops on tube wall
y(aP/AL),/(aP/AL)

friction factor g

Subscripts:
function of

fr friction
conversion factor

g mercury vapor
mercury latent heat of vaporization

i any section along tube
length

] i+1 section 1-inch downstream

log mean temperature difference from section i
distance from mercury inlet in inlet
condensing length int mercury interface
pressure g liquid mercury
heat transfer rate mom momentum
Reynolds number N NaK
temperature out outlet
overall heat transfer coefficient s static
velocity TPF two-phase friction
specific volume tt turbulent liquid, turbulent gas
Weber number vt viscous liquid, turbulent gas



APPENDIX B

DERIVATION OF EQUATIONS

When the drag forces due to liquid droplets are neglected, the static-pressure change
for two-phase flow in a tube for a finite incremental length can be expressed as

AP = APppp + AP (B1)

om
The correlations of Lockhart-Martinelli and Koestel, et al. were used to calculate the
two-phase frictional pressure changes. Lockhart and Martinelli express the two-phase
frictional pressure gradient as a function of the parameter & _ and the frictional pressure
gradient of the vapor determined as if the vapor flowed alone in the tube; that is,

dp dP
_TPF _52(_ 8 (B2)
dL g\dL

For the 1-inch increments, the two-phase frictional pressure change could be written as

2 (AP,
APppp = & — AL (B3)

The parameter &_ is a function of the parameter y for the Lockhart-Martinelli
correlation. The value of y depends upon the superficial Reynolds numbers of the liquid
and gas phases. The superficial Reynolds numbers were evaluated by assuming a single
phase flowed alone in the tube. For Reynolds numbers less than 2000 the flow for the
phase was assumed to be viscous, and for values greater than 2000 the flow was assumed
to be turbulent. When the liquid and vapor phase Reynolds numbers were greater than
2000, a turbulent liquid-turbulent vapor flow condition was assumed and y was evaluated
from

0.5 0.1

0.9/v u
1 -
Xtt=< x) A L (B4)

X Vg v

When a viscous liquid-turbulent vapor flow condition existed (i. e., Re!Z < 2000,
Reg > 2000), y was determined from the following equation:
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0.5, \0.5
v = (160 0-5/Vo\" " ¥y 1-x\9-% 1 (B5)
vt \o.0s8) \v,) \ug x Reg.4

The mercury vapor quality at any section within the condensing length, obtained from heat
balance ratios, can be expressed as

T, .
N,i (B6)

TN, out = TN, int

TN, out ~

Because the vapor phase Reynolds numbers were always greater than 2000, the frictional
pressure gradient for this phase was evaluated by using the Fanning equation, that is,

2
dP_ 2.0{V

£ = & (B7)
dL Dvggc

where the following friction factor of the Blasius form for turbulent flow in a smooth tube
was assumed (ref. 9):

0. 046 (
f= B8)
0.2
Reg
The velocity of the vapor at any section was determined from
vV .= Wg’ ian’ ixi (BQ)
g’ 1 A .
g1
where
A, .
A .= ti (B10)
g,1
Ve,i 1-x i
1.0+ =2
Vg, i \ %i

In the fog flow model correlation (ref. 3), the two-phase frictional pressure gradient
is expressed as
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—£ (B11)

where the parameter ®_ is given as a function of the vapor quality and the Weber number
based on the tube diameter, that is,

Dv2
= f(We) = f & (B12)

ZVggco

The Weber number is shown to be a function of the ratio of the tube diameter to the diam-
eter of the fog flow passage by the following equation:

ng‘g/ 4

0.3712

We = (B13)
‘D 4.0 _ (D 3.0
P Dy
The quantity @éx:i/ 4 is also shown to be a function of the diameter ratio; that is,
4.175
82x3/4 <l> (B14)
g D
m

To obtain the relation between <I>2x3/ 4 and the Weber number, values of D/Drn were

assumed and equations (B13) and (B14) were solved for the respective values of <I>2x3/ 4
and the Weber number. Knowing the relation between ¢2x3/ 4 and the Weber number
plus the quality at any section makes it possible to solve for &_ for each increment.
The vapor phase frictional pressure gradient dP g/dL for the fog flow model was eval-
uated by the same method employed for the Lockhart-Martinelli correlation.

After the incremental two-phase fric-

~Control volume . .
/ tional pressure change was determined,

Wy — ,~Mercury tube element
e | - the pressure change due to momentum
9 =3 (wg + dij)(Vg + dVg)
WV ! 9% changes was required. Referring to fig-
—é 4 —+— Wy + dwylVy +dVy)  ure 13 reveals that, for small changes in
C A .
% cross-sectional area for the increment,

the pressure change due to the momentum

dw V! dw 4V
~gfi~3 —gf—l changes for the two phases is

Figure 13, - Liquid and vapor momentum terms,

27



APmom = g—%i—: [(Wg + dwg)(Vg + dVg) + (WQ + dw!D(V!Z + dVﬂ)
c

1
- dwy V3 - dw, V) - WV, - wﬂvﬂ] (B15)
where
2Bt Ay
.=
2

The term V! represents the velocity of the vapor that is condensed within the increment
just before condensation occurs. The term Vﬁ represents the velocity of the liquid
droplets entrained into the vapor stream just before entrainment occurs. The vapor
condensed in the increment was assumed to have a velocity equal to zero just before con-
densation occurred. The liquid droplets were assumed to be at rest on the wall before
being entrained into the vapor stream. Therefore, both V! and Vg' were assumed to be
zero in equation (B15). These assumptions yielded the following:

AP o = g(i [(wg + deXVg + dVg> + (WQ + dwﬂ> (Vﬂ + dVQ) - WV, - WQVQ] (B16)

Both the vapor velocity Vg and the liquid velocity Vﬂ are needed to evaluate equation
(B16). The vapor velocity was obtained from equation (B9); then the liquid velocity was
obtained by assuming the three liquid-to-vapor velocity ratios of 1.0, 0.5, and 0.0 for
the Lockhart-Martinelli correlation. For the fog flow model a liquid-to-vapor velocity
ratio of 1.0 was assumed, (ref. 2).

Because steady flow through the increment existed, the total flow rate remained
constant and the decrease in vapor flow rate equalled the increase in liquid flow rate;
that is,

-dw,, = dw, (B17)

When a liquid-to-vapor velocity of 1. 0 was assumed, then

V=V, (B18)
dv, = dv, (B19)

Substituting equations (B17) to (B19) into equation (B16) yields the pressure change due
to momentum changes for a liquid-to-vapor velocity ratio of 1.0, which is
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AP (w +dw>dV +Q;v +dW)dV] (B20)

When the liquid-to-vapor velocity ratio of 0. 5 is assumed, the relation between the
liquid and vapor velocities becomes

V,=0.5V, (B21)

av, = 0.5 dv, (B22)

Substituting equations (B17), (B21), and (B22) into equation (B16) yields

AP_ = _%_ [(wg+ dwg>dVg+ (wﬂ +dw£>(0. 5 d\}g> +dwy V, + dw, (o. 5 vg)} (B23)

The velocity of the liquid is neglected for an assumed velocity ratio of 0.0, and equation
(B16) then becomes

A = d 4
P oom = e [w + wg) AV, + dw,, VgJ (B24)
C

The mercury vapor flow rate can be expressed as a function of the total flow rate and
quality at any section in the following way:

Wo 1= Vg in%i (B25)

while the liquid mercury flow rate can be determined at any section from the following
equation:

.= W . - W . (B26)
The differentials de and dVg could be evaluated as finite differences from
Awg =Wy in(xi+1 - Xi) (B27)

and
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X. X.
AV, =w_ v [l (B28)
g g, gla | A .
g, i+l g, i

Substituting equation (B17) and equations (B25) to (B28) into equations (B20), (B23),
and (B24) yields

WO‘ in V,Q
— (=3} - —_— =
APpom = =22 (Vg, 1~ Ve, i) for - 1.0 (B29)
8t g
w_ . v
- _gin ¢
AP =-E10 [Vg, (l+ %41) - Vg, (s xl)} for —£ = 0.5 (B30)
2g A v
c't g
w_ . A"
_ _gin - 2 _
AP om = =2 (Vg 141%141 - Vg, ixi> for —£=0.0 (B31)
g At Vg

respectively, which are used to evaluate the pressure change due to momentum changes
for the three previously mentioned liquid-to-vapor velocity ratios. The basic difference
between the Lockhart-Martinelli correlation and the Koestel, et al. fog flow model in
the determination of & _ should be remembered. Then, for an assumed velocity ratio
of 1.0 the static-pressure change for the two correlations was determined from

ap
AP = &2 gAL+
S 8\dL

For the Lockhart-Martinelli correlation used with an assumed velocity ratio of 0. 5, the
static-pressure change for an increment was obtained from

AP = @é(dpg> AL + g, in [Vg, i+1(1 + xi+1) -V i(1 + xi)] (B33)

Q’g, i+1 7 > (B32)

dL 2g cA

When the velocity of the liquid was neglected (Vﬁ/Vg = 0. 0), the static-pressure change
was determined from

9 dPg w
AP_= &| —=2] AL X, B34
Pg g\ 4L, = g, A (Vg, 15541 ” Vg, 1X1> (B34)
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APPENDIX C

TEST SECTION FLOW, QUALITY, AND PRESSURE TRACES

The vapor flow rate was calculated from the standard equation for compressible flow
through a venturi (ref. 10)

wg = AthKY ‘/chpg APg

where

Ath venturi throat area
K flow coefficient

Y expansion factor

For steady flow conditions, the quality of the mercury leaving the boiler is equal to the
ratio of the mercury vapor flow rate leaving the boiler to the liquid mercury flow rate
entering the boiler. The experimentally determined quality varied from 0.96 to 1. 06.
Considering experimental error and this experimental data band the quality into the test
section was assumed to be 100 percent for all conditions and the vapor flow rate,
measured by the venturi, was used in all calculations where total mercury flow rate was
required.

The heat balance across the test section varied from 0.95 to 1. 09 using the NaK
side as the reference.

The condenser pressure traces for condensing lengths of 15 and 34 inches are pres-
ented in figure 14. The absolute pressures were obtained by adding the differential pres-
sure measurements to the reference manifold pressure, which was maintained constant
for any run. The absolute static-pressure variation about the mean value was less than
5 percent of the mean value.
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Pressure, P, psia

ISF Br—

16 16
{a-1) Heat exchanger mercury inlet pressure Ps, in

18 . {b-1) Heat exchanger mercury inlet pressure Ps i,
17 16
16 15
18— {a-2) Pressure 12 inches from mercury inlet Ps, 12 _ {b-2) Pressure 12 inches from mercury inlet Pg 1.
e 13 W‘\/\/\.——W
lbl_ 12

{a-3) Pressure 25 inches from mercury inlet Ps, 95 18— {b-3) Pressure 25 inches from mercury inlet P os.

17
160 16[_
18 (a-A) Pressure 38 inches from mercury inlet Py 33, 18— (b-4) Pressure 38 inches from mercury inlet Pg 3.
17 1 sec 17 W\___‘W e~ .
16 b= 16 ]|
Time <« Time
{a-5) Pressure 51 inches from mercury inlet P o1 (b-5) Pressure 51 inches from mercury inlet Pg o1
(a) Run 22 condensing length, 15 inches. (b) Run 44; condensing length, 34 inches,

Figure 14, - Local condenser static-pressure traces.
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